###### Impact Summary

Plague transmission relies on the ability of infected fleas to inoculate *Yersinia pestis* bacteria to its vertebrate hosts. The production of a biofilm by the bacteria blocks the foregut of the flea and increases infectivity. However, the adaptive nature of blockage remains controversial because it has a massive survival cost on the infected fleas and reduces dramatically the length of the infection: an extreme form of the classical virulence‐transmission tradeoff. Here, we develop a comprehensive model of the multiple routes of plague transmission, we determine when blockage can be considered as an adaptive manipulation of its flea vector, and we generate several testable predictions on the evolution of plague in both endemic and epidemic situations.

*Yersinia pestis* is the bacterium that caused three plague pandemics and had a profound effect on human history (Bramanti et al. [2016](#evl3111-bib-0001){ref-type="ref"}). A combination of comparative genomic analyses and experimental studies has unveiled the different evolutionary steps leading to the emergence and the spread of this deadly pathogen for numerous mammals, including humans. *Y. pestis* recently emerged from *Yersinia pseudotuberculosis*, a food‐ and waterborne enteric pathogen causing a benign disease of the digestive tract in humans (Achtman et al. [1999](#evl3111-bib-0002){ref-type="ref"}; Sun et al. [2014](#evl3111-bib-0003){ref-type="ref"}; Hinnebusch et al. [2016](#evl3111-bib-0004){ref-type="ref"}; Valtueña et al. [2017](#evl3111-bib-0005){ref-type="ref"}). Only a handful of genetic events, including acquisition of genes by horizontal transfer and loss of functional genes, led to the production of flea‐borne transmission of plague (Chouikha and Hinnebusch [2012](#evl3111-bib-0006){ref-type="ref"}; Sun et al. [2014](#evl3111-bib-0003){ref-type="ref"}; Hinnebusch et al. [2016](#evl3111-bib-0004){ref-type="ref"}; Hinnebusch et al. [2017](#evl3111-bib-0007){ref-type="ref"}). Notably, the horizontal acquisition of the *Yersinia* murin toxin gene (*ymt*) that protects from a bacteriolytic agent generated during the digestion of the blood meal has been essential to colonize the flea\'s midgut and foregut (Hinnebusch et al. [2002](#evl3111-bib-0008){ref-type="ref"}). Loss of a functional urease accessory protein UreD due to the insertion of a single nucleotide in the *ureD* locus reduced the toxicity of the ancestral strain, thereby prolonging the duration of infection in the vector (Chouikha and Hinnebusch [2014](#evl3111-bib-0010){ref-type="ref"}; Sebbane et al. [2001](#evl3111-bib-0009){ref-type="ref"}). Lastly, a series of other pseudogenizations (i.e., genetic mutations that lead to gene inactivation) led to the loss of the functional accessory regulatory protein RcsA and of two phospodisterases (PDE) that unlocked the pre‐existing capability of the ancestral strain to form a biofilm, thanks to the *hmsHFRS* operon (Hinnebusch et al. [1996](#evl3111-bib-0011){ref-type="ref"}, [2017](#evl3111-bib-0007){ref-type="ref"}, Sun et al. [2008](#evl3111-bib-0045){ref-type="ref"}, [2014](#evl3111-bib-0003){ref-type="ref"}). The formation of a biofilm enabled the persistent colonization of the proventriculus and, ultimately, the blockage of flea\'s gut (Hinnebusch et al. [1996](#evl3111-bib-0011){ref-type="ref"}, [2017](#evl3111-bib-0007){ref-type="ref"}).

When the proventriculus of the flea is blocked, the biofilm prevents the incoming blood from entering the midgut. The blood meal is contaminated upon contact with the bacterial mass, and is regurgitated at the flea‐bite site, leading to transmission of plague (Bacot and Martin [1914](#evl3111-bib-0012){ref-type="ref"}; Hinnebusch et al. [1996](#evl3111-bib-0011){ref-type="ref"}). Another consequence of the blockage is an increase in the biting rate as the flea starves to death. Therefore, blockage is often viewed as a key adaptation of *Y. pestis* because it boosts bacterial transmission by increasing both infectivity (the number of bacteria inoculated in a new host) and the biting rate of infected fleas (Hinnebusch et al. [1996](#evl3111-bib-0011){ref-type="ref"}, [2017](#evl3111-bib-0007){ref-type="ref"}). Yet, the adaptive nature of blockage is challenged by the fact that it drastically increases the mortality rate of the flea (Hinnebusch et al. [1996](#evl3111-bib-0011){ref-type="ref"}, [2017](#evl3111-bib-0007){ref-type="ref"}). Besides, a combination of experimental observations and empirical studies suggest that other routes of transmission may be involved in plague epidemics (Mollaret [1963](#evl3111-bib-0013){ref-type="ref"}; Eisen et al. [2006](#evl3111-bib-0014){ref-type="ref"}; Webb et al. [2006](#evl3111-bib-0018){ref-type="ref"}; Eisen et al. [2007](#evl3111-bib-0015){ref-type="ref"}; Eisen et al. [2008](#evl3111-bib-0016){ref-type="ref"}; Chouikha and Hinnebusch [2012](#evl3111-bib-0006){ref-type="ref"}; Eisen et al. [2015](#evl3111-bib-0017){ref-type="ref"}; Hinnebusch et al. [2016](#evl3111-bib-0004){ref-type="ref"}). In particular, some flea transmission may also occur in an early phase of the infection of unblocked flea (Eisen et al. [2006](#evl3111-bib-0014){ref-type="ref"}; Webb et al. [2006](#evl3111-bib-0018){ref-type="ref"}; Eisen et al. [2007](#evl3111-bib-0015){ref-type="ref"}; Eisen et al. [2015](#evl3111-bib-0017){ref-type="ref"}). In other words, blockage may be viewed as a by‐product of the colonization of the foregut but not as an adaptive manipulation of the biting rate of its insect vector.

 {#evl3111-sec-0020}

Plague is caused by the Gram‐negative bacterium *Y. pestis* and is mainly a disease of rodents and their associated fleas. *Y. pestis* can also infect a large diversity of mammals, including humans, but most of these infections are considered accidental. Plague remains endemic in many parts of the world (Africa, Asia, America, and South‐Eastern Europe) and it occurs in a variety of ecosystems (arid, semi‐arid, steppe, tropical mountainous) where climatic conditions are favorable for the development of competent rodent and flea species. In endemic populations, the disease is circulating in rodent populations composed of individuals with variable resistance to the disease (enzootic cycle). But the introduction of plague in highly susceptible populations can lead to explosive spread and massive mortality (epizootic cycle). These epidemics may be driven by climatic factors and by the fluctuations in the density of suitable hosts.

*Y. pestis* can infect the mammal through inhalation, ingestion, or direct contact with a wound, but the main route of transmission results from the bite of an infected flea. There are more than 2500 species of fleas, but only a small number of them have been reported as naturally infected and an even smaller number have been considered as active vectors of plague transmission. All naturally infected flea species appear to have the potential to effectively transmit the disease within the first 5 days after infection (early transmission) while only some species can transmit the disease for one month after the contaminated meal. This late transmission is related to the ability of *Y. pestis* to produce a biofilm and to block the foregut of the flea (figure). Blockage of the flea modifies the biting behavior of the flea and increases bacterial transmission. But blockage starves the flea and often results in flea death after a few days, unless the biofilm is broken by the uptake of a new blood meal and results in reversion to the unblocked stage. For excellent reviews on plague transmission, see Gage and Kosoy [2005](#evl3111-bib-0043){ref-type="ref"}, Gage and Kosoy [2006](#evl3111-bib-0044){ref-type="ref"}, and Hinnebusch et al. [2017](#evl3111-bib-0007){ref-type="ref"}.
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**Figure**. *Y. pestis* blocks the flea foregut. (A) Upon ingestion of a blood meal, healthy fleas contain a fresh meal in their midgut. (B) Six days after ingestion of an infected blood meal, infected fleas display blockage of their proventriculus. Blocked fleas are smaller than healthy fleas and, after an attempt to feed, display fresh red blood in the proventriculus and/or the esophagus (black arrow) but not in the midgut. Blockage results from the formation of biofilm by *Y. pestis* within the flea\'s proventriculus. This is illustrated by the fluorescence microscopy images showing the absence (A) and presence (B) of numerous *Y. pestis* bacteria expressing a fluorescent protein (in blue) located within the proventriculus\'s pines (with green autofluorescence) and the esophagus.

The biology of plague is complex and involves multiple routes of transmission via a diversity of host and vector species (see Box [1](#evl3111-fea-0001){ref-type="boxed-text"} for a brief summary on the ecology of plague transmission). The present study is an attempt to quantify the epidemiological and evolutionary implications of the blockage of fleas for the dynamics of *Y. pestis*. First, to evaluate the relative importance of blockage on plague transmission, we develop a theoretical framework that accounts for the multiple routes of transmission of *Y. pestis*. We use this framework to derive the basic reproduction number of the pathogen. In a second step, we expand this theoretical framework to study the evolution of the propensity to block the flea. To analyze pathogen evolution, we study the competition between bacterial strains with varying blockage strategies. This competition takes place at a between‐host level when bacteria are trying to infect new hosts. But bacteria may also compete within‐host when, for instance, a flea is coinfected by different strains after feeding on two infected hosts. We derive threshold conditions allowing the invasion of a mutant strain with a specific blockage strategy in a stable environment. These threshold conditions, however, are derived under the assumption that the pathogen has reached an endemic equilibrium (see Box [1](#evl3111-fea-0001){ref-type="boxed-text"}). In a third and final step, we relax this equilibrium assumption because the dynamics of plague is often characterized by sudden epidemics and major fluctuations in incidence through time. We analyze the evolution of plague during epidemics and show how bacteria with different rates of blockage can fluctuate in a seasonal environment. In particular, we predict that the rate of blockage is expected to rise at the onset of epidemics even when blockage is selected against in the long term. All these theoretical predictions are discussed in the light of available data obtained on *Y. pestis* in laboratory controlled experiments.

The Model {#evl3111-sec-0030}
=========

Our epidemiological model is an attempt to capture the main components of the complex life cycle of *Y. pestis* described in Box [1](#evl3111-fea-0001){ref-type="boxed-text"}. In particular, our model accounts for the fact that *Y. pestis* bacteria can live and/or persist in three different habitats: (i) a vertebrate host (usually a rodent), (ii) a flea, and (iii) the soil (see Fig. [1](#evl3111-fig-0001){ref-type="fig"} for a schematic description of the model through these three different compartments). We assume that the vertebrate host has an intrinsic reproduction rate $\lambda_{H}$ and a natural mortality rate $m_{H}$. The flea vector is assumed to have an intrinsic reproduction rate $\lambda_{F}$ and a natural mortality rate $m_{F}$. For the sake of simplicity, we assume these growth rates to be constant but assuming density‐dependent growth rates do not affect qualitatively the results we present below (see Materials and Methods section). Because we are interested in plague evolution, we assume that multiple bacterial strains can circulate. We note that $P_{i}$ is the density of the free‐living stage of the strain *i* (we assume that these propagules can persist in the environment but cannot replicate) and $I_{i}$ is the density of hosts infected with the strain *i*. The parameter σ measures the biting rate of fleas on the host. After feeding on a host infected with strain *i*, the infected flea is assumed to be "unblocked" (state $F_{U,i}$). Infectious fleas can become "blocked" (state $F_{B,i}$) and the transition between the "unblocked" and the "blocked" states occurs at a rate $\varepsilon_{i}$ (the rate of blockage), which is assumed to vary among different strains of *Y. pestis*. We also assume that blocked fleas can become unblocked (return to the state $F_{U,i}$, as observed in Bacot and Martin [1914](#evl3111-bib-0012){ref-type="ref"}) at a constant rate γ. Infection increases the mortality of the host ($\alpha_{H}$), and the mortality of both the blocked and the unblocked fleas ($\alpha_{B}$ and $\alpha_{U}$, respectively). It is important to note that blockage has a major impact on flea survival ($\alpha_{B} > \alpha_{U}$) (Hinnebusch et al. [1996](#evl3111-bib-0011){ref-type="ref"}, [2017](#evl3111-bib-0007){ref-type="ref"}). Hence, bacterial strains that promote blockage are associated with higher virulence in the flea because blockage decreases survival. The host can acquire the infection horizontally from other infected hosts at a rate $\beta_{H}I_{i}$, from the propagules in a contaminated environment at a rate $\beta_{P}P_{i}$ and from the infected vectors at rates $\sigma\mspace{6mu}\beta_{U}F_{U,i}$ and $\sigma\mspace{6mu}\beta_{B}F_{B,i}$. The parameters $\beta_{H}$, $\beta_{P}$, $\beta_{U}$, and $\beta_{B}$ modulate the relative importance of these four different routes of transmission. Crucially, experimental studies have demonstrated that blockage increases the infectiousness of fleas and thus $\beta_{B} > \beta_{U}$ (Hinnebusch et al. [1996](#evl3111-bib-0011){ref-type="ref"}, [2017](#evl3111-bib-0007){ref-type="ref"}; Lorange et al. [2005](#evl3111-bib-0019){ref-type="ref"}; Sebbane et al. [2009](#evl3111-bib-0020){ref-type="ref"}). The density of the total host population is denoted as $N_{H} = S + I$. Similarly, the density of the total flea population is denoted as $N_{F} = F_{S} + F_{U} + F_{B}$. This life cycle can be summarized in the following system of differential equations (see Table [S1](#evl3111-supl-0002){ref-type="supplementary-material"} for the definition of all the parameter of this model): $$\begin{array}{ccl}
\overset{˙}{S} & = & {\lambda_{H} - \left( {\beta_{H}I_{i} + \beta_{P}P_{i} + \sigma\beta_{U}F_{U,i} + \sigma\beta_{B}F_{B,i} + m_{H}} \right)S} \\
{\overset{˙}{F}}_{S} & = & {\lambda_{F} - \left( {\sigma\sum\limits_{i}I_{i} + m_{F}} \right)F_{S}} \\
{\overset{˙}{I}}_{i} & = & {\left( {\beta_{H}I_{i} + \beta_{P}P_{i} + \sigma\beta_{U}F_{U,i} + \sigma\beta_{B}F_{B,i}} \right)S - \left( {m_{H} + \alpha_{H}} \right)I_{i}} \\
{\overset{˙}{F}}_{U,i} & = & {\sigma F_{S}I_{i} + \gamma F_{B,i} - \left( {m_{F} + \alpha_{U} + \varepsilon_{i}} \right)F_{U,i} + \sigma\sum\limits_{j \neq i}s\left\lbrack {\varepsilon_{j},\varepsilon_{i}} \right\rbrack} \\
 & & {\times \mspace{6mu} I_{i}F_{U,j} - \sigma\sum\limits_{j \neq i}s\left\lbrack {\varepsilon_{i},\varepsilon_{j}} \right\rbrack I_{j}F_{U,i}} \\
{\overset{˙}{F}}_{B,i} & = & {\varepsilon_{i}F_{U,i} - \left( {m_{F} + \alpha_{B} + \gamma} \right)F_{B,i}} \\
{\overset{˙}{P}}_{i} & = & {\theta I_{i} - \delta P_{i}.} \\
\end{array}$$

![**Our epidemiological model accounts for multiple routes of plague transmission**. The pathogen circulates among three different habitats: (1) a vertebrate host, (2) a flea vector, and (3) the soil (see description of life cycle in the main text and the definition of all parameters in Table [S1](#evl3111-supl-0002){ref-type="supplementary-material"}). The rate at which uninfected hosts become infected is determined by the sum of the force of infection from the different compartments of this system: $T = \beta_{H}I + \beta_{P}P + \sigma\beta_{U}F_{U} + \sigma\beta_{B}F_{B}$.](EVL3-3-152-g001){#evl3111-fig-0001}

The above model accounts also for the competition taking place between bacterial strains in the early stage of the infection (i.e., in unblocked fleas). Indeed, when an unblocked flea infected with strain *i* feeds on a host infected by strain *j*, the superinfection function $s\lbrack{\varepsilon_{i},\varepsilon_{j}}\rbrack$ determines the probability that strain *i* is replaced by strain *j*. We assume that the competitivity of the bacteria may be associated with the propensity to form biofilms and to block the flea. We used the following function to model superinfection: $$s\left\lbrack {\varepsilon_{i},\varepsilon_{j}} \right\rbrack = \frac{s_{0}}{s_{0} + \left( {1 - s_{0}} \right)e^{\frac{- {s_{0}}^{\prime}{({\varepsilon_{j} - \varepsilon_{i}})}}{s_{0}{({1 - s_{0}})}}}},$$where $s_{0} = s{\lbrack{\varepsilon_{i},\varepsilon_{i}}\rbrack}$ is the value of the probability of superinfection at the origin (when both strains have the same value of ε) and $s_{0}^{\prime} = {{ds{\lbrack{\varepsilon_{i},\varepsilon_{j}}\rbrack}/d\varepsilon_{j}}|_{\varepsilon_{i} = \varepsilon_{j}}}$ is the slope of the superinfection function at the origin (Fig. [S1](#evl3111-supl-0001){ref-type="supplementary-material"}).

Note that we neglect the possibility that competition may occur in blocked fleas and in vertebrate hosts because the bacterial density reached in blocked fleas and in infected hosts hampers invasion by new strains. This is arguably a very simplified view of the way within‐host competition among bacterial strains may occur in this system. Yet, as we will see below, the simplicity of this model shows the potential implications of within‐host competition on plague evolution and leads to novel adaptive hypothesis for the evolution of blockage.

Epidemiology and Evolution in a Stable Environment {#evl3111-sec-0040}
==================================================

First, we focus on a scenario where the population of the bacteria is monomorphic and all the parameters of the model are constant. The basic reproduction ratio *R* ~0~ of the pathogen is given by (see Materials and Methods section): $$\begin{array}{ccl}
R_{0} & = & {\frac{N_{H}}{m_{H} + \alpha_{H}}\left( {\beta_{H} + \beta_{P}\frac{\theta}{\delta}} \right.} \\
 & & \left. {+ \mspace{6mu}\beta_{U}\frac{\sigma^{2}N_{F}\left( {m_{F} + \gamma + \alpha_{B}} \right)}{A} + \beta_{B}\frac{\sigma^{2}\varepsilon N_{F}}{A}} \right) \\
\end{array}$$with $A = m_{F}{({m_{F} + \gamma + \varepsilon})} + \alpha_{U}{({m_{F} + \gamma})} + \alpha_{B}{({m_{F} + \alpha_{U} + \varepsilon})}$ and where $N_{H}$ and $N_{F}$ are derived at the disease free equilibrium: ${({S,I})} = {({\frac{\lambda_{H}}{m_{H}},0})}$ and ${({F_{S},F_{U},F_{B}})} = {({\frac{\lambda_{F}}{m_{F}},0,0})}$. The above expression is useful to identify the relative importance of the different routes of transmission on the epidemiology of plague. Indeed, each term in the parenthesis is associated with the contribution of each of the four different routes of transmission to *R* ~0~: (i) direct horizontal transmission by contact between uninfected and infected hosts, (ii) transmission via propagules in the environment, (iii) transmission via unblocked fleas, and (iv) transmission via blocked fleas.

This expression is also particularly useful to identify the conditions promoting the ability of the pathogen to trigger an epidemic in an uninfected host population. When $R_{0} > 1$, the pathogen can invade the host population and the system ultimately reaches an endemic equilibrium in which the pathogen persists in the different compartments (the notation $\overline{X}$ is used to refer to the equilibrium density of the variable *X* at this endemic equilibrium). Numerical exploration of the system [(1)](#evl3111-disp-0001){ref-type="disp-formula"} revealed that this endemic equilibrium was always locally stable.

In the following, we study the long‐term evolutionary dynamics of plague using the classical formalism of Adaptive Dynamics, in which mutation rate is assumed to be low, that allows decoupling evolutionary and epidemiological dynamics (Metz et al. [1992](#evl3111-bib-0021){ref-type="ref"}; Geritz et al. [1998](#evl3111-bib-0022){ref-type="ref"}; Waxman and Gavrilets [2005](#evl3111-bib-0024){ref-type="ref"}; Kisdi and Geritz [2010](#evl3111-bib-0023){ref-type="ref"}). To study plague evolution, we derive the invasion fitness per‐generation of a "mutant" strain that has the strategy $\varepsilon_{m}$, at the endemic equilibrium set by a resident population of the pathogen which has the strategy ε (Hurford et al. [2010](#evl3111-bib-0025){ref-type="ref"}) (see Materials and Methods section): $$\begin{array}{ccl}
R_{m} & = & {\frac{{\overline{S}}_{H}}{m_{H} + \alpha_{H}}\left( {\beta_{H} + \beta_{P}\frac{\theta}{\delta} + \frac{\sigma^{2}}{A_{m}}\left( {\beta_{U}\left( {m_{F} + \gamma + \alpha_{B}} \right)} \right.} \right.} \\
 & & \left. {\left. {+ \mspace{6mu}\beta_{B}\varepsilon_{m}} \right)\left( {{\overline{F}}_{S} + s\left\lbrack {\varepsilon,\varepsilon_{m}} \right\rbrack{\overline{F}}_{U}} \right)\phantom{\frac{\theta}{\delta}}} \right) \\
\end{array}$$with $A_{m} = m_{F}{({m_{F} + \gamma + \varepsilon_{m}})} + \alpha_{U}{({m_{F} + \gamma})} + \alpha_{B}{(m_{F} + \alpha_{U} + \varepsilon_{m})} + \sigma s{\lbrack{\varepsilon_{m},\varepsilon}\rbrack}\overline{I}{({m_{F} + \gamma + \alpha_{B}})}$. The mutant will invade the resident population if $R_{m} > 1$ and this invasion fitness can be used to derive the gradient of selection on blockage at the endemic equilibrium (i.e., ${\overline{S}}_{H}$, ${\overline{F}}_{S}$, ${\overline{F}}_{U}$, and $\overline{I}$) set by the resident strategy.

We used this invasion fitness to identify the conditions leading to the evolution of higher rates of blockage (see Materials and Methods section). In particular, under the assumption that the superinfection function is constant and equal to *s* ~0~, we find that higher rates of blockage are selected for when: $$\frac{\beta_{B}}{m_{F} + \alpha_{B}} > \frac{\beta_{U}}{m_{F} + \alpha_{U} + \sigma s_{0}\overline{I}}.$$

Hence, in spite of the complexity of the life cycle, the evolution of blockage boils down to a very simple condition that does not depend on the other routes of transmission. The left and the right hand sides of equation [(5)](#evl3111-disp-0005){ref-type="disp-formula"} measure of the relative "quality" of blocked and unblocked fleas, respectively. The quality of a vector depends on the instantaneous rate of transmission ($\beta_{B}$ and $\beta_{U}$) but also the duration of the infection that is modulated by the mortality rates ($m_{F}$, $\alpha_{U}$, and $\alpha_{B}$) as well as the rate of superinfection in unblocked fleas ($\sigma s_{0}\overline{I}$). When condition [(5)](#evl3111-disp-0005){ref-type="disp-formula"} is satisfied, the blocked fleas are better vectors than unblocked fleas and blockage evolves to maximal values. In contrast, when condition [(5)](#evl3111-disp-0005){ref-type="disp-formula"} is not satisfied, unblocked fleas are better vectors, blockage does not evolve, and the evolutionary stable strategy is $\varepsilon^{\ast} = 0$.

The invasion condition can also be used to determine the conditions favoring the evolution of blockage when the probability of superinfection depends on the investment in blockage of the competing strains (i.e., ${s_{0}}^{\prime} \neq 0$). For instance, under the simplifying assumption that the resident strain does not block ($\varepsilon = 0$) the condition for the invasion of a mutant strain that blocks the flea is: $$\frac{\beta_{B}}{m_{F} + \alpha_{B}} > \frac{\beta_{U}}{m_{F} + \alpha_{U} + \sigma s_{0}\overline{I}} - {s_{0}}^{\prime}B,$$where $B = \frac{\beta_{U}{({m_{F} + \alpha_{B} + \gamma})}}{m_{F} + \alpha_{B}}{({\frac{{\overline{F}}_{U}}{{\overline{F}}_{S} + s_{0}{\overline{F}}_{U}} + \frac{\sigma\overline{I}}{m_{F} + \alpha_{U} + \sigma s_{0}\overline{I}}})}$.

The above condition shows that if the ability to block the flea is associated with a higher competitive ability of the bacteria (i.e., $s_{0}^{\prime} > 0$), blockage can evolve more readily. In contrast, if the production of a biofilm is costly and induces a lower competitive ability (i.e., $s_{0}^{\prime} < 0$), it is more difficult to evolve blockage. Adding such a cost on biofilm production allows some intermediate blockage strategy to be evolutionary stable (Fig. [2](#evl3111-fig-0002){ref-type="fig"}).

![**Pairwise invasibility plot on the rate of blockage**. We use equation [(4)](#evl3111-disp-0004){ref-type="disp-formula"} to plot the ability of the mutant strategy $\varepsilon_{m}$ to invade a resident population with strategy ε. When $R_{m} > 1$ the mutant can invade (white) and when $R_{m} < 1$ the mutant fails to invade the resident population (black). In (A) $s_{0}^{\prime} = 0$ and in (B) $s_{0}^{\prime} = - 0.4.$ Pairwise invisibility plots can be used to find the ultimate evolutionary outcome (red dot) but also to identify pairs of strategies that can coexist. Panel (B) shows that an intermediate strategy can be evolutionary stable. Other parameter values: $\lambda_{H} = 0.01,\lambda_{F} = 0.1,\mspace{6mu}\gamma = 0.2,\mspace{6mu}\theta = 0.5,\mspace{6mu}\sigma = 0.25,\mspace{6mu}\delta = 1,\mspace{6mu} m_{H} = 0.004,\mspace{6mu} m_{F} = 0.02,\mspace{6mu}\alpha_{H} = 0.01,\alpha_{U} = 0.02,\mspace{6mu}\alpha_{B} = 0.2,\mspace{6mu}\beta_{H} = 0.001,\mspace{6mu}\beta_{P} = 0.01,\mspace{6mu}\beta_{U} = 0.005,\mspace{6mu}\beta_{B} = 0.025,\mspace{6mu} s_{0} = 0.5$.](EVL3-3-152-g002){#evl3111-fig-0002}

Evolution in a Fluctuating Environment {#evl3111-sec-0050}
======================================

Because plague dynamics is often characterized by dramatic temporal fluctuations (Schmid et al. [2015](#evl3111-bib-0027){ref-type="ref"}; Stenseth et al. [2008](#evl3111-bib-0026){ref-type="ref"}), we examined the evolution of blockage away from the endemic equilibrium. Numerical simulations show that at the onset of an epidemic, a mutant strain with a higher ability to block the flea can increase in frequency (Fig. [3](#evl3111-fig-0003){ref-type="fig"}) even if this blockage strategy does not verify conditions [(5)](#evl3111-disp-0005){ref-type="disp-formula"} or [(6)](#evl3111-disp-0006){ref-type="disp-formula"}. To understand pathogen evolution during this transient phase of the epidemics, it is important to track both the "frequency" of the different strains and the "densities" of the pathogen in the different compartments of the model (Day and Gandon [2006](#evl3111-bib-0028){ref-type="ref"}; Day and Gandon [2007](#evl3111-bib-0029){ref-type="ref"}; Berngruber et al. [2013](#evl3111-bib-0030){ref-type="ref"}; Lélu et al. [2013](#evl3111-bib-0031){ref-type="ref"}). In the following, we derive the dynamics of the frequencies $p_{i}^{X}$, of the strain *i* in the compartment *X*: $$\begin{array}{ccl}
{\overset{˙}{p}}_{i}^{I} & = & \left( {\beta_{P}\frac{P}{I}\left( {p_{i}^{P} - p_{i}^{I}} \right) + \sigma\beta_{U}\frac{F_{U}}{I}\left( {p_{i}^{F_{U}} - p_{i}^{I}} \right)} \right. \\
 & & {\left. {+ \mspace{6mu}\sigma\beta_{B}\frac{F_{B}}{I}\left( {p_{i}^{F_{B}} - p_{i}^{I}} \right)} \right)S} \\
{\overset{˙}{p}}_{i}^{F_{U}} & = & {\sigma\frac{I}{F_{U}}F_{S}\left( {p_{i}^{I} - p_{i}^{F_{U}}} \right) + \gamma\frac{F_{B}}{F_{U}}\left( {p_{i}^{F_{B}} - p_{i}^{F_{U}}} \right) - \left( {\varepsilon_{i} - {\overline{\varepsilon}}^{F_{U}}} \right)p_{i}^{F_{U}}} \\
 & & {+ \mspace{6mu}\sigma I\left( {\sum\limits_{j \neq i}s\left\lbrack {\varepsilon_{j},\varepsilon_{i}} \right\rbrack p_{i}^{I}p_{j}^{F_{U}} - \sum\limits_{j \neq i}s\left\lbrack {\varepsilon_{i},\varepsilon_{j}} \right\rbrack p_{j}^{I}p_{i}^{F_{U}}} \right)} \\
{\overset{˙}{p}}_{i}^{F_{B}} & = & {\frac{F_{U}}{F_{B}}\left( {\left( {\varepsilon_{i} - {\overline{\varepsilon}}^{F_{U}}} \right)p_{i}^{F_{U}} - {\overline{\varepsilon}}^{F_{U}}\left( {p_{i}^{F_{B}} - p_{i}^{F_{U}}} \right)} \right)} \\
{\overset{˙}{p}}_{i}^{P} & = & {\frac{\theta I}{P}\left( {p_{i}^{I} - p_{i}^{P}} \right)} \\
\end{array}$$where ${\overline{\varepsilon}}^{F_{U}} = \sum_{i}p_{i}^{F_{U}}\varepsilon_{i}$ is the average value of blockage in unblocked fleas.

![**Epidemiology and evolution of plague during an epidemic**. We present the epidemiological dynamics and the evolutionary dynamics in the absence of superinfection. The top figures show the dynamics of the densities of the different compartments of the model during an epidemic. The bottom figures show the dynamics of the mean value of the blockage strategy. We allow competition between two strains with different blockage strategies (i.e., $\varepsilon = 0\mspace{6mu}\mspace{6mu}{or}\mspace{6mu} 1$). In panel (A), $\beta_{B} = 0.025$ and blockage is maladaptive according to condition [(5)](#evl3111-disp-0005){ref-type="disp-formula"} in the absence of superinfection (i.e., $\frac{\beta_{B}}{m_{F} + \alpha_{B}} \approx 0.09 < \frac{\beta_{U}}{m_{F} + \alpha_{U}} = 0.125$) but blockage is selected for at the beginning of the epidemic. In panel (B), $\beta_{B} = 0.04$ and blockage is adaptive according to condition [(5)](#evl3111-disp-0005){ref-type="disp-formula"} in the absence of superinfection (i.e.,$\frac{\beta_{B}}{m_{F} + \alpha_{B}} \approx 0.15 > \frac{\beta_{U}}{m_{F} + \alpha_{U}} = 0.125$). Other parameter values (see **Materials and Methods section** for more details about the simulation procedure): $\lambda_{H} = 0.01,\mspace{6mu}\lambda_{F} = 0.1,\mspace{6mu}\gamma = 0.2,\mspace{6mu}\theta = 0.5,\mspace{6mu}\sigma = 0.4,\mspace{6mu}\delta = 1,\mspace{6mu}\mspace{6mu} m_{H} = 0.004,\mspace{6mu} m_{F} = 0.02,\mspace{6mu}\alpha_{H} = 0.01,\mspace{6mu}\alpha_{U} = 0.02,\mspace{6mu}\alpha_{B} = 0.25,\mspace{6mu}\beta_{H} = 0.001,\mspace{6mu}\beta_{P} = 0.01,\mspace{6mu}\beta_{U} = 0.005,\mspace{6mu}\beta_{B} = 0.025,\mspace{6mu} s_{0} = 0.5$.](EVL3-3-152-g003){#evl3111-fig-0003}

Focusing on the dynamics of mutant frequency is particularly useful to understand the interplay between epidemiology and evolution. For instance, let us focus on the scenario in which two bacterial strains compete: a mutant strain that blocks the fleas at a rate $\varepsilon_{m}$ and a resident strain that never blocks the fleas. In this case only the mutant can block the fleas and thus, $p_{m}^{F_{B}} = 1$. If we neglect superinfections and assume the initial frequency of the mutant is low, the above dynamical system reduces to: $$\begin{array}{rcl}
{\overset{˙}{p}}_{i}^{I} & = & {\left( {\beta_{P}\frac{P}{I}\left( {p_{m}^{P} - p_{m}^{I}} \right) + \sigma\beta_{U}\frac{F_{U}}{I}\left( {p_{m}^{F_{U}} - p_{m}^{I}} \right) + \sigma\beta_{B}\frac{F_{B}}{I}\left( {1 - p_{m}^{I}} \right)} \right)S} \\
{\overset{˙}{p}}_{i}^{F_{U}} & = & {\sigma\frac{I}{F_{U}}F_{S}\left( {p_{m}^{I} - p_{m}^{F_{U}}} \right) + \gamma\frac{F_{B}}{F_{U}}\left( {1 - p_{m}^{F_{U}}} \right) - \varepsilon_{m}p_{m}^{F_{U}}} \\
{\overset{˙}{p}}_{i}^{P} & = & {\frac{\theta I}{P}\left( {p_{m}^{I} - p_{m}^{P}} \right).} \\
\end{array}$$

Initially, the mutant frequency is expected to be low in all the other three compartments of the model (*I*, $F_{U}$, and *P*) that yields the following approximation for the change in mutant frequency in the infected host compartment: ${\overset{˙}{p}}_{i}^{I} \approx \sigma\beta_{B}\frac{F_{B}}{I}S$. This indicates that the frequency of a mutant strain that blocks the fleas is initially increasing in the infected host compartment. This initial increase occurs even if the mutant is ultimately selected against (Fig. [3](#evl3111-fig-0003){ref-type="fig"}). This transient selection for the mutant is due to the fitness benefit associated with higher transmission rates when there are a lot of susceptible hosts around (Berngruber et al. [2013](#evl3111-bib-0030){ref-type="ref"}; Lélu et al. [2013](#evl3111-bib-0031){ref-type="ref"}).

The analysis of transient evolution of blockage is also useful to understand the influence of seasonal variations of the environment. Fluctuations in temperature and humidity are likely to impose periodic variations in the densities of multiple hosts and vectors of plague (Moore et al. [2015](#evl3111-bib-0032){ref-type="ref"}; Ngeleja et al. [2018](#evl3111-bib-0033){ref-type="ref"}). These fluctuations drive periodic fluctuations of the incidence of the infection, maintaining the pathogen away from the endemic equilibrium (epizootic cycles, see Box [1](#evl3111-fea-0001){ref-type="boxed-text"}). We explored the influence of a periodic fluctuation in the growth rate of the flea population on the evolution of blockage (Fig. [4](#evl3111-fig-0004){ref-type="fig"}). We show that seasonality favors different blockage strategies in different phases of these recurrent epidemics. As discussed above, blockage is selected for at the onset of the epidemics, and it is selected against when the epidemic is fading away. This fluctuating selective pressure on blockage allows the long‐term coexistence of bacterial strains with different rates of biofilm production (Fig. [4](#evl3111-fig-0004){ref-type="fig"}).

![**Epidemiology and evolution of plague in a seasonal environment**. We allow the growth rate of the flea population $\lambda_{F}{(t)} = 1 + Sin{({2\pi t/T})}$ to vary periodically ($T = 200$) because of seasonality (the shaded area indicates time when the growth rate is above average, that is, when $\lambda_{F}{(t)} > 1$). We assume that two bacterial strains are competing but we do not allow for superinfection: one strain never blocks the flea ($\varepsilon_{1} = 0$) and another strain can block infected fleas ($\varepsilon_{2} = 1$). The two strains coexist, although blockage is maladaptive according to condition [(5)](#evl3111-disp-0005){ref-type="disp-formula"} in the absence of superinfection (i.e., $\frac{\beta_{B}}{m_{F} + \alpha_{B}} \approx 0.119 < \frac{\beta_{U}}{m_{F} + \alpha_{U}} = 0.125$) but their relative frequency fluctuates in synchrony with the incidence of the disease in the vector. Other parameter values (see **Materials and Methods section** for more details about the simulation procedure): $\lambda_{H} = 0.01,\mspace{6mu}\gamma = 0.2,\mspace{6mu}\theta = 0.5,\mspace{6mu}\sigma = 0.3,\mspace{6mu}\delta = 2,\mspace{6mu}\mspace{6mu} m_{H} = 0.004,\mspace{6mu} m_{F} = 0.02,\mspace{6mu}\alpha_{H} = 0.01,\mspace{6mu}\alpha_{U} = 0.02,\mspace{6mu}\alpha_{B} = 0.3,\mspace{6mu}\beta_{H} = 0.001,\mspace{6mu}\beta_{P} = 0.01,\mspace{6mu}\beta_{U} = 0.005,\mspace{6mu}\beta_{B} = 0.038$.](EVL3-3-152-g004){#evl3111-fig-0004}

Discussion {#evl3111-sec-0060}
==========

The emergence and the evolution of plague results from a series of adaptations that increased the efficacy of flea‐borne transmission of *Y. pestis* (Sun et al. [2014](#evl3111-bib-0003){ref-type="ref"}; Hinnebusch et al. [2016](#evl3111-bib-0004){ref-type="ref"}; Hinnebusch et al. [2017](#evl3111-bib-0007){ref-type="ref"}). But whether the blockage of the flea is an adaptation remains a controversial issue (Eisen et al. [2006](#evl3111-bib-0014){ref-type="ref"}; Eisen et al. [2007](#evl3111-bib-0015){ref-type="ref"}; Eisen et al. [2015](#evl3111-bib-0017){ref-type="ref"}; Hinnebusch et al. [2017](#evl3111-bib-0007){ref-type="ref"}). Our analysis is an attempt to clarify the conditions that can promote or hamper the evolution of blockage. Here, we consider a situation in which a bacterial mutant with a distinct blockage strategy is introduced in a population of *Y. pestis* and we determine if such a mutant can invade or not. For instance, different genetic variants in the *hmsHFRS* operon are known to affect dramatically the colonization of the proventriculus and the formation of a biofilm: The *hmsFRS+* mutant is known to yield flea blockage whereas *hmsFRS‐* never blocks the fleas and the mortality of fleas blocked by the *hmsFRS+* mutant is considerably larger than unblocked fleas (Hinnebusch et al. [1996](#evl3111-bib-0011){ref-type="ref"}; Hinnebusch et al. [2017](#evl3111-bib-0007){ref-type="ref"}). Does the gain in transmission due to blockage compensate this increased mortality? Our analysis is an attempt to answer this question. More specifically, the condition [(5)](#evl3111-disp-0005){ref-type="disp-formula"} shows that blockage is adaptive, in the absence of within‐flea competition, if the ratio of mortality rates between blocked and unblocked fleas is lower than the ratio of transmission rates between blocked and unblocked fleas: $$\frac{m_{F} + \alpha_{B}}{m_{F} + \alpha_{U}} < \frac{\beta_{B}}{\beta_{U}}.$$

Available data on blocked and unblocked rat flea *Xenopsylla cheopsis* (one of the main flea vector) suggests that that the life expectancy of a blocked flea is around 2 days while the life expectancy of an infected (but unblocked) flea is around 100 days (Hinnebusch et al. [1996](#evl3111-bib-0011){ref-type="ref"}; Lorange et al. [2005](#evl3111-bib-0019){ref-type="ref"}; Hinnebusch et al. [2017](#evl3111-bib-0034){ref-type="ref"}; Hinnebusch et al. [2017](#evl3111-bib-0007){ref-type="ref"}). The ratio between mortality rates of blocked and unblocked fleas is thus expected to be around 50. In other words, condition [(9)](#evl3111-disp-0009){ref-type="disp-formula"} indicates that transmission rate of blocked fleas must be 50 times higher than transmission rate or unblocked fleas for blockage to be adaptive. Available experimental data on *X. cheopsis* suggests that transmission of blocked fleas is likely to be much higher than this threshold value. First, the ratio of the biting rates of blocked and unblocked fleas is likely to be higher than 3 (Lorange et al. [2005](#evl3111-bib-0019){ref-type="ref"}). Second, the number of *Y. pestis* bacteria transmitted by blocked fleas is several order of magnitudes higher (Lorange et al. [2005](#evl3111-bib-0019){ref-type="ref"}). Given that regurgitation of a larger inoculum increases the chance of the bacteria to establish a successful infection in the mammalian host, the ratio $\frac{\beta_{B}}{\beta_{V}}$ is likely to be higher than a few hundreds. Obviously, obtaining more accurate estimates of transmission and mortality rates in *X. cheopsis* (but also in other flea species) is particularly important to conclude on the adaptive nature of blockage.

Our analysis also introduces the possibility of within‐flea competition between different variants of *Y. pestis*. In particular, we contend that the production of a biofilm may be a way to outcompete other bacteria in the foregut of the flea. Within‐flea competition adds another dimension in the adaptive value of blockage. In particular, conditions [(5)](#evl3111-disp-0005){ref-type="disp-formula"} and [(6)](#evl3111-disp-0006){ref-type="disp-formula"} indicate that this mechanism is likely to promote the evolution of blockage. Recent experimental studies have explored the outcome of competition between different strains of *Y. pestis* in fleas (Rempe et al. [2012](#evl3111-bib-0035){ref-type="ref"}; Spinner et al. [2013](#evl3111-bib-0036){ref-type="ref"}; Vadyvaloo and Hinz [2015](#evl3111-bib-0037){ref-type="ref"}; Fukuto et al. [2018](#evl3111-bib-0038){ref-type="ref"}). These studies revealed that fitness costs are associated with mutations in several genes involved in flea‐borne transmission (*hfq* (Rempe et al. [2012](#evl3111-bib-0035){ref-type="ref"}), *rovM* (Vadyvaloo and Hinz [2015](#evl3111-bib-0037){ref-type="ref"}), and *phoP* (Fukuto et al. [2018](#evl3111-bib-0038){ref-type="ref"})). Unfortunately, experiments following the competition taking place between *hms* variants in the flea remain to be carried out.

Empirical evidence of plague dynamics reveal the highly epidemic nature of plague outbreaks that is likely to be driven by seasonal variations of the environment (Stenseth et al. [2008](#evl3111-bib-0026){ref-type="ref"}; Moore et al. [2015](#evl3111-bib-0032){ref-type="ref"}; Schmid et al. [2015](#evl3111-bib-0027){ref-type="ref"}; Ngeleja et al. [2018](#evl3111-bib-0033){ref-type="ref"}). In such a fluctuating environment, our analysis reveals that selection for blockage is likely to vary through time. Blockage should be more strongly selected at the onset of epidemics, when many hosts are uninfected. In contrast, blockage is expected to decrease when the epidemic is fading away because a smaller number of susceptible hosts are available. This transient selection for higher rates of transmission (in spite on the induced mortality of the flea) is in line with previous studies that showed how the evolution of life‐history traits of pathogens can be altered by epidemiological dynamics (Day and Gandon [2007](#evl3111-bib-0029){ref-type="ref"}; Mideo et al. [2011](#evl3111-bib-0039){ref-type="ref"}; Berngruber et al. [2013](#evl3111-bib-0030){ref-type="ref"}). It would be interesting to study the variability of the ability to produce a biofilm and to block the fleas in natural populations. Analysis of bacteria sampled at different points in space or in time would allow to test our prediction that temporal fluctuations in the environment drives the maintenance of variability in *Y. pestis* populations.

Although our model tries to capture multiple routes of transmission, it is important to acknowledge that plague transmission involves a multitude of host species (Yang and Anisimov [2016](#evl3111-bib-0040){ref-type="ref"}). Our model, however, focuses on a simple scenario with a single species of vertebrate host and a single species of flea. Yet, the competence of fleas, their propensity to develop blockage, and their mortality rates (after blockage) are known to differ widely (Bland and Hinnebusch [2016](#evl3111-bib-0041){ref-type="ref"}; Hinnebusch et al. [2017](#evl3111-bib-0007){ref-type="ref"}; Hinnebusch et al. [2017](#evl3111-bib-0034){ref-type="ref"}). Besides, the infectious blood source is also known to affect the development of *Y. pestis* in the fleas (Bland et al. [2018](#evl3111-bib-0042){ref-type="ref"}). A full understanding of the ecology and evolution of the plague thus requires a more comprehensive description of the network of host and vector species involved in its transmission.

Materials and Methods {#evl3111-sec-0070}
=====================

DERIVATION OF ***R*** ~0~ {#evl3111-sec-0080}
-------------------------

The ability of the pathogen to invade an uninfected host population is determined by, *R* ~0~, its basic reproduction ratio. To derive *R* ~0~, we need to consider the dynamics of equation [(1)](#evl3111-disp-0001){ref-type="disp-formula"} at the disease free equilibrium when $N_{H} = \frac{\lambda_{H}}{m_{H}}$ and $N_{F} = \frac{\lambda_{F}}{m_{F}}$: $${\mathbf{}\overset{˙}{\mathbf{X}}} = \left( {\mathbf{F} - \mathbf{M}} \right).\mathbf{X},$$where $$\mathbf{X} = \begin{pmatrix}
\begin{matrix}
I \\
F_{U} \\
\end{matrix} \\
\begin{matrix}
F_{B} \\
P \\
\end{matrix} \\
\end{pmatrix},$$ $$\mathbf{F} = N_{H}\begin{pmatrix}
\beta_{H} & {\quad{\sigma\beta_{U}}} & {\quad{\sigma\beta_{B}}} & {\quad\beta_{P}} \\
0 & {\quad 0} & {\quad 0} & {\quad 0} \\
0 & {\quad 0} & {\quad 0} & {\quad 0} \\
0 & {\quad 0} & {\quad 0} & {\quad{0{\mathbf{}\mspace{6mu}}}} \\
\end{pmatrix},$$ $$\mathbf{M} = \begin{pmatrix}
{m_{H} + \alpha_{H}} & {\quad 0} & {\quad 0} & {\quad 0} \\
{- \sigma N_{F}} & {\quad{m_{F} + \alpha_{U} + \varepsilon}} & {\quad{- \gamma}} & {\quad 0} \\
0 & {\quad{- \varepsilon}} & {\quad{m_{F} + \alpha_{B} + \gamma}} & {\quad 0} \\
{- \theta} & {\quad 0} & {\quad 0} & {\quad\delta} \\
\end{pmatrix}.$$

The basic reproduction ratio is the dominant eigenvalue of ***F***.***M*** ^−1^, which yields equation [(3)](#evl3111-disp-0003){ref-type="disp-formula"} in the main text.

PATHOGEN EVOLUTION {#evl3111-sec-0090}
------------------

To study pathogen evolution, we first track the dynamics of a rare mutant invading the population of a resident pathogen when the system has reached an endemic equilibrium. For the sake of simplicity, we assume that coinfections with the resident and the mutant pathogens are not feasible but we do allow for superinfections in the vector, which yields the dynamical system [(1)](#evl3111-disp-0001){ref-type="disp-formula"}. In matrix form this yields the following dynamical system: $${\mathbf{}\overset{˙}{\mathbf{X}}}_{m} = \left( {\mathbf{F}_{m} - \mathbf{M}_{m}} \right).\mathbf{X}_{m},$$where $$\mathbf{X}_{m} = \begin{pmatrix}
\begin{matrix}
I_{m} \\
F_{U,m} \\
\end{matrix} \\
\begin{matrix}
F_{B,m} \\
P_{m} \\
\end{matrix} \\
\end{pmatrix},$$ $$\mathbf{F}_{m} = \overline{S}\begin{pmatrix}
\beta_{H} & {\quad{\sigma\beta_{U}}} & {\quad{\sigma\beta_{B}}} & {\quad\beta_{P}} \\
0 & {\quad 0} & {\quad 0} & {\quad 0} \\
0 & {\quad 0} & {\quad 0} & {\quad 0} \\
0 & {\quad 0} & {\quad 0} & {\quad{0{\mathbf{}\mspace{6mu}}}} \\
\end{pmatrix},$$ $$\mathbf{M}_{m} = \begin{pmatrix}
{m_{H} + \alpha_{H}} & {\quad 0} & {\quad 0} & {\quad 0} \\
{- \sigma{\overline{F}}_{S} - \sigma S_{1}} & {\quad{m_{F} + \alpha_{U} + \varepsilon_{m} + \sigma S_{2}}} & {\quad{- \gamma}} & {\quad 0} \\
0 & {\quad{- \varepsilon_{m}}} & {\quad{m_{F} + \alpha_{B} + \gamma}} & {\quad 0} \\
{- \theta} & {\quad 0} & {\quad 0} & {\quad\delta} \\
\end{pmatrix}$$with $S_{1} = s{\lbrack{\varepsilon,\varepsilon_{m}}\rbrack}{\overline{F}}_{U}$ and $S_{2} = \mspace{6mu} s{\lbrack{\varepsilon_{m},\varepsilon}\rbrack}\overline{I}$ .

The basic reproduction ratio is the dominant eigenvalue of $\mathbf{F}_{m}.{\mathbf{M}_{m}}^{- 1}$, which yields equation [(4)](#evl3111-disp-0004){ref-type="disp-formula"} in the main text.

SIMULATIONS {#evl3111-sec-0100}
-----------

In Figure [3](#evl3111-fig-0003){ref-type="fig"}, we present a simulation of the dynamical system [(1)](#evl3111-disp-0001){ref-type="disp-formula"} with two strains and no superinfection: one strain never blocks the flea ($\varepsilon_{1} = 0$) and another strain can block infected fleas ($\varepsilon_{2} = 1$). To illustrate the dynamics occurring during an epidemic, we assumed that none of the vectors are initially infected ($F_{S}{(0)} = \frac{\lambda_{F}}{m_{F}}$) and we introduced a small density of infected hosts: $I_{1}{(0)} = 10^{- 3}$, $I_{2}{(0)} = 10^{- 4}$, and $S{(0)} = \frac{\lambda_{H}}{m_{H}}$. Figure [3](#evl3111-fig-0003){ref-type="fig"} shows the epidemiological and the evolutionary dynamics when condition [(5)](#evl3111-disp-0005){ref-type="disp-formula"} is satisfied or not (panel (B) and (A), respectively).

In Figure [4](#evl3111-fig-0004){ref-type="fig"}, we present a simulation of the dynamical system [(1)](#evl3111-disp-0001){ref-type="disp-formula"} under the assumption that $\lambda_{F}{(t)} = 1 + Sin{({2\pi t/T})}$ varies periodically because of seasonality ($T = 200$). We assume that two bacterial strains are competing but there is no superinfection: one strain never blocks the flea ($\varepsilon_{1} = 0$) and another strain can block infected fleas ($\varepsilon_{2} = 1$). Under the parameter values we chose, the two strains can coexist in the long term, although the second strain (the strain producing a biofilm) should be outcompeted by the first strain in a constant environment. We show the epidemiological and evolutionary dynamics for three consecutive seasons, when the system has reached a stable limit cycle. We obtained qualitatively similar results in a modified model in which the growth rates of the two hosts are density dependent (not shown). The evolutionary dynamics does depend on the densities in the different compartments but the threshold quantities we identify on our analysis, equations [(5)](#evl3111-disp-0005){ref-type="disp-formula"}, [(6)](#evl3111-disp-0006){ref-type="disp-formula"} and [(9)](#evl3111-disp-0009){ref-type="disp-formula"} are robust to such modifications of the regulation of population densities.
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**Table S1**: Definitions of the main parameters of the model.

###### 

Click here for additional data file.

The authors thank Boris Schmid and Nils Stenseth for very useful discussion and comments on an earlier version of this manuscript.
